Spinal muscular atrophy (SMA), a motoneuron disease caused by a deficiency of the survival of motor neuron (SMN) protein, is characterized by motoneuron loss and muscle weakness. It remains unclear whether widespread loss of neuromuscular junctions (NMJs) is involved in SMA pathogenesis. We undertook a systematic examination of NMJ innervation patterns in >20 muscles in the SMND7 SMA mouse model. We found that severe denervation (<50% fully innervated endplates) occurs selectively in many vulnerable axial muscles and several appendicular muscles at the disease end stage. Since these vulnerable muscles were located throughout the body and were comprised of varying muscle fiber types, it is unlikely that muscle location or fiber type determines susceptibility to denervation. Furthermore, we found a similar extent of neurofilament accumulation at NMJs in both vulnerable and resistant muscles before the onset of denervation, suggesting that neurofilament accumulation does not predict subsequent NMJ denervation. Since vulnerable muscles were initially innervated, but later denervated, loss of innervation in SMA may be attributed to defects in synapse maintenance. Finally, we found that denervation was amendable by trichostatin A (TSA) treatment, which increased innervation in clinically relevant muscles in TSA-treated SMND7 mice. Our findings suggest that neuromuscular denervation in vulnerable muscles is a widespread pathology in SMA, and can serve as a preparation for elucidating the biological basis of synapse loss, and for evaluating therapeutic efficacy.
INTRODUCTION
Proximal spinal muscular atrophy (SMA) is a motoneuron disease caused by the homozygous deletion/mutation of the Survival of Motor Neuron (SMN) 1 gene (1), resulting in a deficiency of the ubiquitously expressed SMN protein, which may play a role in snRNP biogenesis (2 -4) . Since patients always retain several copies of the closely related SMN2 gene, which only produces low levels of functional full-length SMN, the copy number of SMN2 modifies disease severity (5 -7) . Infants with severe SMA experience proximal muscle weakness in axial muscles that stabilize the trunk and head and have shortened life expectancies due to compromised vital motor functions, such as breathing and swallowing (8) .
The key pathogenic events of this devastating disorder remain unclear (2, 9) , and since there are no effective treatment options, SMA remains the most frequent genetic cause of infant mortality (10, 11) .
Clinical studies have suggested that muscle weakness may be due to neuromuscular junction (NMJ) denervation as demonstrated by reduced motor unit number estimates and maximum compound muscle action potentials (12) . Studies in various SMA mouse models have shown abnormalities of NMJs, including neurofilament accumulation at presynaptic terminals, smaller and immature endplates, as well as reduced transmitter release (13) (14) (15) (16) (17) (18) (19) . However, NMJs in several distal hindlimb muscles are fully innervated in the widely used SMND7 SMA mouse line, even at the disease end stage (15, 17, 20) . Despite a reduction in transmitter release at the presynaptic terminal (15, 17) , no transmission failures were observed in hindlimb NMJs (17, 20) to account for the motor deficit. It was shown recently that hindlimb † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. * To whom correspondence should be addressed. Tel: +1 2137409182; Fax: +1 2137405687; Email: cko@dornsife.usc.edu # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com motor impairment may instead be attributed to synaptic defects in lumbar spinal motoneurons (17, 21, 22) . Given the profound proximal weakness observed in SMA patients, studies have also focused on NMJs in proximal regions. Recent studies of a severe SMA mouse model (Smn2/2;SMN2) revealed that although NMJs were formed at birth, abnormal neurofilament accumulation and denervation (.65% fully innervated) occurred in several axial muscles (e.g. levator auris longus, transversus abdominis, auricularis superior, intercostal) at the disease end stage [postnatal day 5 (P5)] (18, 23, 24) . These studies suggest that NMJ denervation in a subset of muscles may contribute to muscle weakness in Smn2/2;SMN2 mice. However, in the slightly less severe SMA mouse model (SMND7), these vulnerable muscles (i.e. levator auris longus, transversus abdominis, paraspinal) were reported to have much milder NMJ denervation (.80% fully innervated) (15, 18) . It remains unclear whether and how widespread NMJ loss contributes to motor impairment in the milder SMND7 mice.
Given the fact that SMND7 mice have an extended lifespan of 2 weeks, which provides an ideal platform for assessing therapeutic efficacy, a thorough and systematic investigation of NMJ loss in SMND7 mice would necessitate preclinical drug testing. In addition, such a study would promote an understanding of the progression of NMJ loss, and would also provide a foundation for understanding potential factors contributing to the selective vulnerability of NMJs in SMA (e.g. muscle location, fiber types, innervating motoneuron pools or synapsing phenotypes).
In the current study, we undertook a systematic investigation of NMJs in a wide range of axial (head, neck and trunk) and appendicular (controlling the limb) muscles that are relevant to SMA symptomatology. We found that severe denervation, attributed to defects in synapse maintenance, is a significant pathological event occurring in a wide range of SMND7 muscles. Furthermore, we found that selective NMJ loss is not predicted by muscle location, muscle fiber types or neurofilament accumulation at the motor nerve terminal. To validate this severe denervation as a preparation for drug efficacy studies, we treated SMND7 mice with trichostatin A (TSA), which has previously been shown to increase SMN expression and life span in this mouse model (25) . We found that denervation was mitigated by pharmacological intervention with TSA. Therefore, these severely denervated muscles can serve as excellent preparations for elucidating potential mechanisms driving selective denervation and for preclinical testing of drug efficacy in alleviating neuromuscular defects.
RESULTS

Severe denervation in clinically relevant muscles of SMND7 mice at the disease end stage
To establish which muscles are highly vulnerable to denervation in SMA, we have examined NMJ innervation patterns in .20 different axial muscles (head, neck and trunk) and proximal and distal appendicular muscles (controlling the limbs) from SMND7 mice at the disease end stage (around P14). To facilitate the visualization of NMJs, we labeled motor endplates with a-bungarotoxin and immunostained nerve terminals with anti-synaptophysin antibodies in a SMND7 mouse line that expresses yellow fluorescent protein (YFP) in motoneurons (17) . Figure 1A shows examples of double-labeled NMJs of the resistant and vulnerable muscles in P14 SMND7 mice. Endplates (in yellow) in the resistant muscles were all fully innervated as shown by the overlapping nerve terminals (in green) and acetylcholine receptor (AChR) clusters (in red). In contrast, not all endplates were innervated in the vulnerable muscles as shown by the presence of unoccupied endplates (AChR clusters without overlying nerve terminals in Fig. 1A ; a magnified view of NMJs shown in Fig. 1B ). The percentage of fully innervated endplates in a wide range of proximal and distal muscles in SMND7 endstage mice compared with non-SMA control littermates was quantified in Figure 2 . Our results revealed a group of axial and appendicular muscles that display severe denervation (,50% of endplates remain fully innervated). It is important to note that a number of these vulnerable muscles are essential for functions that are affected in SMA patients, including the splenius capitis, longissimus capitis and semispinalis capitis muscles that are responsible for head posture and movement, the serratus posterior inferior (SPI) muscle that is involved in respiratory function, and the masseter and sternohyoid muscles that are involved in mastication and swallowing (26) . However, whether these muscles are denervated in SMA patients has not been determined. Aside from these axial muscles, we have also observed NMJ denervation in some appendicular muscles located in the proximal limb (i.e. triceps) and distal limb [i.e. flexor digitorum brevis (FDB)]. Among all the appendicular muscles examined, the FDB muscle of the hindpaw was the most severely denervated (Fig. 1A) . The FDB is anatomically divided into three slender muscles which flex the second, third and fourth digits upon contraction (27) . Interestingly, only the FDB-2 and -3 (muscle branches with separate tendons inserted to the second and third phalanges, respectively) were significantly denervated, whereas the FDB-4 (muscle branches inserted to the fourth phalanx) was fully innervated (Figs 1A and 2). This result supports the idea that muscle vulnerability to denervation is not necessarily dependent upon muscle location or function.
Together, we found denervation in a majority of axial muscles and a few appendicular muscles in end-stage SMND7 mice. The severe denervation in a series of head and trunk muscles in SMND7 mice might compromise vital motor functions, which are clinically relevant to SMA patients. Furthermore, our data suggest that NMJs in axial muscles are generally more vulnerable to denervation, but there is no simple correlation between NMJ vulnerability and muscle location or proximity to the spine.
Denervation results from failures in synapse maintenance in SMND7 mice NMJ denervation in the severe SMA mouse model (Smn2/2;SMN2) has been shown to occur as a failure of synaptic maintenance (23, 24) . To investigate whether denervation in vulnerable muscles in the SMND7 mouse model is also due to a failure of synaptic maintenance or a lack of initial nerve-muscle contact, we characterized the time course of denervation in the SPI, a severely denervated axial muscle, and the most severely denervated appendicular muscle, FDB-2/3.
In the SPI muscles at embryonic day (E) 17.5, we found that almost all endplates were fully innervated by nerve terminals (labeled with anti-neurofilament and anti-synaptophysin in Fig. 3A ) in both control and SMND7 mice. The percentage of innervation was quantified in Figure 3B (SMND7: 98.1 + 0.8%, 749 NMJs, n ¼ 3 animals versus control: 96.1 + 1.2%, 502 NMJs, n ¼ 3 animals). However, at around birth (E19.5-P1), only 45% of endplates in the SMND7 SPI were fully innervated by nerves ( Fig. 3A and B ; E19.5: 48.7 + 13%, 940 NMJs, n ¼ 4 animals; P1: 45.5 + 20.1%, 702 NMJs, n ¼ 3 animals), while the remaining endplates were either fully denervated (E19.5: 38.3 + 5%; P1: 36.5 + 11.7%) or partially denervated (E19.5: 13.0 + 4.2%; P1:18 + 8.6%) ( Fig. 3C) . Similarly, unoccupied endplates were also observed in other vulnerable muscles (e.g. longissimus, splenius, semispinalis and triceps) at P1 (data not shown). Further NMJ loss in the SMND7 SPI occurred over the next 3 days and at P4, only 13.2 + 5.5% (1121 NMJs, n ¼ 4 animals) of endplates remained fully innervated ( Fig. 3B ). There was no further loss of innervation beyond this age. This result implies that SMND7 neurons are capable of initially finding their synaptic targets and forming synapses. However, these synaptic contacts are not maintained and are lost rapidly during the disease progression.
In the vulnerable appendicular FDB-2/3 muscle, we found that initial NMJ formation is also not affected as evidenced by the observation that almost all motor endplates were fully co-localized with the presynaptic marker, synaptophysin, at P1 ( Fig. 4A ). However, at P4, we began to observe partially (11.5 + 14.1%) and completely (7.5 + 10.5%) denervated endplates in SMND7 FDB-2/3 muscles ( Fig. 4C ). Denervation then progressed rapidly in these muscles within the first week of life ( Fig. 4B and C) . At P7, significant denervation was observed and only 31.6 + 10.5% of NMJs remained fully innervated at this time point (779 NMJs, n ¼ 3 animals). There was no further loss of innervation between P7 and the disease end stage ( Fig. 4B and C). These results further suggest that nerve-muscle contacts are able to initially form, but are not maintained in the vulnerable branches of the FDB.
Developing NMJs are multiply innervated at birth (28) . To confirm that there is no defect in synapse formation, we examined the number of presynaptic inputs per endplate before the onset of denervation. We found that the average number of axonal inputs in the SMND7 FDB-2 was not significantly different from that of control FDB-2 muscles at P1 (Fig. 4D ). In addition, the number of axonal inputs in the vulnerable (FDB-2) muscles was similar to that in the resistant (FDB-4) muscles at the same time point ( Fig. 4D ). This suggests that there is no developmental defect in initial nerve innervation of endplates in vulnerable muscles to differentiate them from the resistant muscles. Together, our data suggest that denervation in vulnerable muscles in SMND7 mice likely results from deficits in synapse maintenance, rather than formation.
Presynaptic pathology is observed in muscles regardless of their vulnerability to denervation
Neurofilament accumulation in the axonal swellings and at the presynaptic terminal is considered one of the morphological hallmarks of NMJs in SMA mice and patients (13 -15,18,24,29) . To investigate whether or not this presynaptic pathology predicts NMJ vulnerability to denervation, we examined and compared the percentage of NMJs with neurofilament accumulation in vulnerable (FDB-2) and resistant (FDB-4) muscles before and after denervation. At P1 (before any denervation occurs), we already observed neurofilament accumulation (indicated by arrowheads) in the vulnerable FDB-2 muscles in SMND7 mice (Fig. 5A ). However, the percentage of NMJs displaying neurofilament accumulation in the vulnerable FDB-2 (36.8 + 5.8%) muscle was not significantly different from that of resistant FDB-4 (28.13 + 9.2%) muscles Figure 2 . Quantitative analyses of innervation in a wide range of axial and appendicular muscles in end-staged (P12-14) SMND7 mice and age-matched control mice. Axial and appendicular muscles were immunostained for nerve terminals with anti-synaptophysin and motor endplates with a-bungarotoxin. Innervation percentage was expressed as the number of fully innervated endplates over the total number of analyzed endplates (.200 NMJs) in each animal. The average percentage was obtained from three to five pairs of animals. Data are expressed as mean + SEM. * P , 0.05.
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Human Molecular Genetics, 2012, Vol. 21, No. 1 in P1 SMND7 mice ( Fig. 5B , n ¼ 3 animals). Even at P14, the percentage of innervated NMJs displaying neurofilament accumulation increased to a similar extent in both vulnerable FDB-2 (87.4 + 6.4%) and resistant FDB-4 (95.4 + 2.7%) in SMND7 mice (Fig. 5B ). This result suggests that the pathological accumulation of neurofilament at nerve terminals does not correlate with NMJ vulnerability to subsequent denervation.
Denervation in clinically relevant muscles is ameliorated by TSA treatment
To investigate whether denervation in vulnerable muscles can serve as a reliable marker for evaluating drug efficacy at the NMJ, we treated SMND7 mice from P1 to P12 with daily intraperitoneal (IP) injections (10 mg/kg body weight) of TSA, a histone deacetylase inhibitor that has previously been shown to upregulate SMN expression, improve motor deficits and increase lifespan in SMND7 mice (25) . For a control, we administered daily IP injections of vehicle [dimethyl sulfoxide (DMSO)] to SMND7 littermates, using equal volumes of vehicle and TSA solutions. After 2 weeks of drug treatment, we chose to examine the NMJ innervation pattern in several clinically relevant muscles that are severely denervated in SMND7 end-stage mice, including the longissimus capitis, splenius capitis, SPI and semispinalis capitis.
Overall, we found that the vulnerable muscles of SMND7 mice that were treated daily with TSA had an average 28.9% increase in the number of fully innervated NMJs at P12 when compared with control SMND7 littermates injected daily with DMSO ( Fig. 6 ). More strikingly, the amount of fully denervated endplates in these vulnerable muscles was reduced by 90% in TSA-treated mice when compared with vehicle-treated controls ( Fig. 6 ). Furthermore, we also observed increases in the body weights of TSA-treated mice compared with control littermates (data not shown) that are consistent with findings from previous studies and indicate the successful upregulation of SMN in TSA-treated mice (25) . Our results suggest that the progression of NMJ denervation can be ameliorated given an effective pharmaceutical intervention. These severely denervated vulnerable muscles of SMND7 mice, which are clinically relevant to SMA patient symptoms, can serve as novel in vivo preparations for evaluating drug efficacy.
DISCUSSION
Our study generates several important findings that promote a better understanding of neuromuscular pathology during the course of SMA. First, we uncovered severe denervation in many muscles involved in vital motor functions (e.g. maintaining head posture, respiration, mastication) in end-stage SMND7 mice. Secondly, we found that denervation is more prominent in muscles located in the head and trunk, but denervation also occurred in proximal and distal limb muscles. Thus, NMJ vulnerability is not solely determined by muscle location. Thirdly, we demonstrated that the loss of innervation likely results from defects in synapse maintenance rather than initial formation of nerve-muscle contacts. Fourthly, presynaptic pathology (i.e. neurofilament accumulation) did not correlate with NMJ vulnerability to denervation. Finally, we demonstrated that severe denervation in clinically relevant muscles is amendable by postnatal TSA treatment in SMND7 mice. Given these findings, it is evident that these severely denervated muscles could serve as an excellent preparation for addressing potential mechanisms of NMJ loss in SMA and for preclinical assessment of drug efficacy in alleviating neuromuscular denervation.
Severe and selective denervation in SMA
Previous findings reported synaptic abnormalities (e.g. neurofilament accumulation and reduction in transmitter release) at NMJs in several hindlimb muscles in SMND7 mice. Despite a significant loss of synaptic inputs onto the innervating motoneurons (17, 21) , these muscles remained innervated throughout disease progression (15, 17, 20) . Our systematic examination of NMJs in the same mouse model revealed severe denervation occurring in a selective manner. We observed that many vulnerable muscles were located proximal to the spine and denervation took place earlier and in a more widespread manner in proximal compared with distal regions in SMND7 mice. This pattern of selectivity is consistent with the pattern of muscle weakness in human SMA patients (1, 8) . The current study therefore ascertains the involvement of NMJ denervation in vulnerable muscles in SMND7 mice and highlights the importance of focusing on these muscles when assessing NMJ connectivity in SMA patients.
What contributes to synapse vulnerability in SMA?
Our systematic investigation of synapse loss in many axial and appendicular muscles allowed us to study which factors contribute to synapse vulnerability in SMA, such as the locations of muscles or motoneuron pools, muscle fiber types and synapsing phenotypes. Our data demonstrated that although axial muscles are generally more vulnerable to denervation, both proximal and distal regions of the SMND7 mouse contain both resistant and vulnerable muscles. These results suggest that muscle location does not necessarily determine NMJ vulnerability. Nonetheless, we noted that the vast majority of vulnerable muscles are innervated by motoneurons located in the cervical and thoracic spinal cord segments (Fig. 7) . Whether there is a selective degeneration of cervical and thoracic motoneurons is still in debate (14, 30, 31) . Since motoneurons residing in the same spinal segments innervate both vulnerable and resistant muscle groups, whether or not there is a selective degeneration of motoneurons within the same spinal segments that may account for selective NMJ loss requires further investigation. In addition, it has been shown that a loss of excitatory synapses onto motoneurons may contribute to motor deficits 
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Human Molecular Genetics, 2012, Vol. 21, No. 1 (17, 21, 22) . It is therefore possible that a selective loss of central synapses may determine selective muscle vulnerability. It would be interesting to study if motoneuron pools innervating vulnerable or resistant muscles are differentially susceptible to central synapse loss. Furthermore, because NMJ loss could occur without motoneuron loss, it would be interesting to investigate in the future whether NMJ denervation in the vulnerable muscles of SMA occurs in a 'dyingback' fashion, as shown in amyotrophic lateral sclerosis (32) . Muscle fiber types have been proposed to render synapse vulnerability in neurodegenerative diseases. Specifically, fast muscle fibers innervated by fast fatigable motoneurons are more vulnerable to denervation in amyotrophic lateral sclerosis (33) (34) (35) . However, we did not observe a simple correlation between muscle fiber type and NMJ vulnerability in SMND7 mice (Fig. 7) . Although most vulnerable muscles are predominantly fast-twitch, a few of them are composed of a mix of fast and slow fibers (e.g. semispinalis capitis). In addition, not all fast-twitch muscles are vulnerable. This is consistent with studies in a more severe SMA mouse model (Smn2/2;SMN2) which showed that both slow-twitch and fast-twitch muscles are vulnerable (18, 23) . These observations suggest that muscle fiber type is unlikely the sole determinant of NMJ vulnerability in SMA.
Aside from muscle fiber type, synapsing phenotypes, characterized as fast-synapsing (FaSyn) and delayed-synapsing (DeSyn) according to the pattern of NMJ assembly and plasticity, may also confer synapse vulnerability (35 -37) . Specifically, FaSyn muscle may be more vulnerable to SMA-induced synapse loss (18) . However, we noticed that several FaSyn muscles (e.g. adductor longus and tibialis anterior) are resistant to denervation in SMND7 mice (Fig. 7) . Therefore, it is unlikely that the FaSyn phenotype determines muscle vulnerability. On the other hand, of all the DeSyn muscles studied in SMA mouse models (i.e. diaphragm, sternocleidomastoid and the rostral band of LAL), all were resistant to denervation. It is possible that the DeSyn phenotype may confer some level of resistance to denervation. However, whether all DeSyn muscles are resistant to denervation requires further confirmation.
Together, our findings suggest that NMJ vulnerability in SMA is not simply attributed to a single determinant, but likely a combination of various risk factors involving both muscles and neurons. It will require several studies (e.g. gene array and transgenic mice) to reveal the detailed molecular mechanisms of selective vulnerability in SMA. Nonetheless, our extensive list of vulnerable and resistant muscles provides the foundation for future comparative studies, which could advance our understanding of selective vulnerability.
NMJs are formed but not maintained in SMND7 mice
Our study of multiple time points throughout disease progression allowed us to explore the mechanisms of synaptic defects; specifically, whether NMJ denervation results from failures in synapse formation or maintenance. Human Molecular Genetics, 2012, Vol. 21, No. 1 191 Early developmental defects such as axon pathfinding have been shown to be involved in SMA pathogenesis in a zebrafish model of SMA (38) . Our data, however, suggest that severe denervation in SMND7 mice is unlikely attributed to developmental defects in target path-finding or initial synapse formation. First, initial nerve-muscle contacts were formed even in the severely denervated muscles of SMND7 mice. Secondly, the number of presynaptic inputs per endplate in vulnerable muscles was similar in SMND7 and control mice. These findings are consistent with observations in the more severe SMA model (Smn2/2;SMN2) (23, 24) and suggest that the loss of NMJs in SMA mice is unlikely due to defects in synapse formation. Rather, failures in stabilizing NMJs in selective muscle groups may contribute to selective loss of NMJs in SMA.
What contributes to the loss of NMJs in SMA is unknown. One possibility is that defects in synaptic function may destabilize NMJs. Previous studies suggest that a reduction in synaptic transmission occurs in SMND7 muscles (15, 17, 19) . Although it is predictable that synapses would be functionally silent when synapses are physically lost, it would still be interesting to study if similar or more robust physiological defects also occur in vulnerable muscles preceding the loss of NMJs and motoneurons in SMA.
Another possibility contributing to the synapse loss is the disruption of cellular transport in motoneurons, which has been shown to cause denervation and neurodegeneration (39, 40) . Since neurofilament accumulation in diseased motoneurons can indicate disrupted cellular transport (41, 42) , it is possible that neurofilament accumulation at nerve terminals destabilizes NMJs, causing subsequent denervation in vulnerable muscles of SMND7 mice. However, since we found equally prominent neurofilament accumulation in the nerve terminals innervating both vulnerable and resistant muscles in SMND7 mice, it is unlikely that neurofilament accumulation causes denervation. Furthermore, neurofilament accumulation was also identified in muscles that are unaffected in SMA patients, such as the diaphragm (14) . Although neurofilament accumulation in axonal swellings and at presynaptic terminals is a well-established pathological hallmark of SMA, the significance of this pathology in SMA is unknown. The specific cause of denervation thus remains elusive. Nevertheless, our findings suggest that defects in synapse maintenance may contribute to the mechanism of NMJ denervation.
It is important to note that, while the initial formation of NMJs was not impaired, NMJ denervation was observed in some muscles in embryonic ages ( Fig. 3) , which is consistent with previous observations in the severe SMA mice (24) . These findings raise the possibility that early pathological changes already occur during embryonic development in SMA. Interestingly, recent studies have shown that early induction of SMN is more effective in rescuing SMA mice (43 -45) . Taken together, our findings provide further evidence for the importance of early therapeutic intervention that could effectively prevent disruption of NMJs in SMA.
Model system for preclinical studies
Our data demonstrated that NMJ denervation in clinically relevant muscles of SMND7 mice was mitigated by effective postnatal drug (TSA) treatment. While survival and behavioral analyses offer important assays to assess drug efficacy in animal models, it is essential to also study drugs' effects on vulnerable targets of SMA. Showing that the NMJ is a vulnerable target and that NMJ denervation is amendable by Figure 7 . Summary of NMJ vulnerability in SMND7 mice correlated with muscle locations, muscle fiber types, synapsing phenotypes and spinal origins of innervation. Axial and appendicular muscles listed as 'vulnerable' showed significant denervation in SMND7 mice according to current and previous studies (in order of vulnerability). Muscles labeled as 'resistant' remained innervated even at the end stage of SMND7 mice. The fiber type of a muscle was determined by the contents of slow (type I) and fast type (type IIa/b/x/d) fibers. Muscles composed of .75% slow type I fibers were here defined as 'slow'; muscles with ,25% slow type I fibers were defined as 'fast'. Muscles containing between 25 and 75% slow type fibers were defined as 'mixed'. Muscle fiber types, synapsing types and spinal origin of innervation of the listed muscles were obtained from the following references: (18, 20, 26, 35, (48) (49) (50) (51) (52) (53) (54) (55) ; # unpublished data.
192
Human Molecular Genetics, 2012, Vol. 21, No. 1 pharmacological intervention is an important finding because there are few available outcome measures to assess drug efficacy at the NMJ (46) . One prevailing assay is measuring neurofilament accumulation at motor nerve terminals, but the functional significance of this synaptic pathology is unclear.
In the more severe SMA mouse model (Smn2/2;SMN2), significant denervation in the intercostal and a caudal segment of levator auris longus muscle (18, 24) could potentially serve as biomarkers for testing therapeutic efficacy in vivo. However, the use of this particular model for drug testing is limited by its short-lived nature. Therefore, the severe denervation in clinically relevant muscle groups in the milder SMND7 mouse model shown in our study provides a convenient and sensitive outcome measure for evaluating drug efficacy at SMA NMJs. Furthermore, these muscles could be studied at multiple time points to assess whether candidate drug compounds could prevent denervation or facilitate re-innervation of NMJs.
In an effort to develop standard procedures for preclinical efficacy studies in SMND7 mice, we present an extensive selection of highly vulnerable muscles useful for in vivo drug testing and therapeutic manipulation to correct neuromuscular dysfunction in SMA. The most severely denervated muscles with clinical relevance (e.g. SPI, splenius, longissimus), featuring easy dissection and unambiguous muscle location, serve as excellent preparations for in vivo drug efficacy studies. These muscles are flat and relatively thin, allowing quantification of all NMJs in whole-mount preparations. In addition, the most severely denervated appendicular muscles, FDB-2/3, are thin enough for imaging NMJs in whole-mount preparations and are easily accessible for local injection of drugs. Since both vulnerable (FDB-2/3) and resistant (FDB-4) muscle segments of the FDB are part of the same muscle, which are supplied by the plantar nerve, their similarity in location, innervation and function would serve as excellent preparations for understanding selective vulnerability to denervation in SMA.
Together, our systematic survey of NMJs in SMND7 mice suggests that SMA involves defects in NMJ maintenance. Given the preferential vulnerability of NMJs in SMA, we believe that our data provide the basis of selecting appropriate neuromuscular preparations for addressing the mechanisms of synapse loss and selective vulnerability, and for evaluating therapeutic efficacy in SMA. Such studies are critical for advances in understanding the biology of synapse loss and finding effective treatments for SMA.
MATERIALS AND METHODS
Animals
All experimental procedures were carried out in compliance with the US National Institutes of Health Guide for the Care and Use of Laboratory Animals. The protocols were approved by the Institutional Animal Care and Use Committee of the University of Southern California (protocol #11136). Transgenic mice expressing SMA-like phenotypes were generated from breeder pairs obtained from The Jackson Laboratory (#5025; FVB.Cg-Tg(SMN2 * delta7)4299Ahmb Tg (SMN2)89Ahmb Smn1 tm1Msd ). YFP-SMND7 mice were generated as previously described (17) . Genotypes of transgenic mice were determined as described previously (16, 47) . Transgenic mice carrying either homozygous/heterozygous mouse Smn alleles were used as littermate controls.
Immunohistochemistry of NMJs
Mice of the desirable genotype and age were anaesthetized by IP injections of Nembutal (sodium pentobarbital; 50 mg/kg) or ketamine/xylazine (100 mg/kg ketamine/10 mg/kg xylazine) and transcardially perfused with Ringer's solution followed by 4% paraformaldehyde. Using whole-mount preparations, the following muscles were dissected and examined: latissimus dorsi, trapezius, serratus posterior superior, sternocleidomastoid, digastric posterior, intercostals, sternohyoid, semispinalis capitis, splenius capitis, masseter, SPI, longissimus capitis, gracilis, quadriceps femoris, lumbricals, FDB, deltoid, psoas, gluteus maximus, biceps brachii and triceps brachii. Thicker muscles (e.g. biceps, triceps, gluteus, quadriceps) were teased into layers of 5 -10 fibers thick to facilitate penetration of antibodies that included: anti-neurofilament (1:2000; Chemicon) and anti-synaptophysin (1:200, Invitrogen) antibodies. AChRs were labeled with Alexa Fluor 594-conjugated a-bungarotoxin (Invitrogen). Fluorescently labeled NMJs were observed by epifluorescence or confocal microscopy. For imaging of NMJs, Z-stack images of immunostained whole-mount muscles were obtained at sequential focal planes 1 mm apart using the Zeiss LSM 510 META confocal microscope. Illustrated images are flattened projections of Z-stack images.
Quantification of innervation and pre-synaptic pathology
Innervation of muscles was quantified by visualization with an epifluorescence microscope equipped with a 40× objective. The innervation status of individual postsynaptic endplates was evaluated according to the extent to which the endplate overlaid with presynaptic components. Fully innervated endplates were defined by the complete overlap of presynaptic (i.e. synaptophysin) and postsynaptic (a-bungarotoxin) labeling. Partially denervated endplates were identified as only part of the endplate being covered by presynaptic labeling. Fully denervated endplates were devoid of any presynaptic labeling. For the multiple innervation analysis, the number of nerves (revealed by neurofilament immunostaining) innervating each endplate was counted under a ×100 objective. For assessment of presynaptic pathology, neurofilament accumulation at nerve terminals was quantified as neurofilament occupying .1/4 of the postsynaptic area. For each muscle sample, 200 endplates were evaluated from randomly selected visual fields of the whole mount. To achieve unbiased analyses, observers were blinded to the genotypes of muscles at the time of quantification. Data from three to five animals (for each genotype) were used for statistical analyses.
TSA treatment
TSA was purchased from Millipore (Billerica, MA, USA) and was dissolved in DMSO at a concentration of 10 mg/ml. Drugtreated SMND7 mice were given TSA at an amount of 8 mg/ Human Molecular Genetics, 2012, Vol. 21, No. 1 193 kg body weight and vehicle-treated SMND7 control littermates were given an equal volume of vehicle (DMSO) by IP injection at a volume of 2.5 ml/g body weight. Injections were administered daily beginning from P1 and body weights were monitored daily prior to injections. TSA-and vehicle-treated animals in litters were maintained and fed by the mother until P12 when they were sacrificed for NMJ observation.
Statistical analysis
Data were statistically analyzed using two-tailed Student's t-tests with statistic software (Prism 5.0). P , 0.05 was considered significant. Results are expressed as mean + SEM.
